Introduction
We have studied the focusing property of time-reversal waves (which are identical to phase conjugate waves) in the ocean by tank experiments and simulations [1] [2] [3] [4] [5] [6] .
In Japan Agency for Marine-Earth Science and Technology (JAMSTEC), an autonomous underwater vehicle (AUV) named ''Urashima'' is being developed and is undergoing technical tests for a fuel cell power system. In the future, this AUV is expected to cruise a long distance of several hundred kilometers and to be used for observation in the deep sea. In such operation, if it is possible to communicate with this AUV at very long distances using time-reversal waves, its operational availability is enhanced extraordinarily.
In this study, the possibility of time-reversal communication in shallow water is discussed, and it is shown how the communication accuracy is improved using time reversal.
Time-reversal communication
Time-reversal waves in the ocean are generated, as shown in Fig. 1 . Some acoustic waves are transmitted from a source, and received at a time-reversal array (TRA). If these received signals are time-reversed and retransmitted from each TRA element, the signals converge to a focus where the original source exists, and the original signal is received even in unknown and inhomogeneous media. Since time-reversal waves converge to a ''point'' at any range by gathering the refracted and reflected waves (multipath waves), the focusing degree is high, which is suitable for horizontal communication to use time reversal because multipath waves are not received.
Rouseff et al. and Yang have researched on ''passive'' phase conjugate communication [7, 8] . In this method, acoustic waves transmitted from a point are received at an array and demodulated by a process identical to the phase conjugate process. Thus, studies on communication using time reversal from a point to an array have already been conducted. In this study, communication from an array to a point using time reversal is discussed. This method is called ''active'' time-reversal communication because time-reversal waves are actually transmitted from the array.
The process of active time-reversal communication is explained briefly as follows. A vertical TRA is allocated and an original source (for example, an AUV) exists, as shown in Fig. 1 . An in-phase pulse, which is passed through a roll-off filter, as shown in Fig. 2 , is transmitted from the source. This pulse is received at each TRA element and time-reversed. By multiplying these time-reversal pulses one by one with the symbols of the digital data sequence to be sent, time-reversal signals are generated. When these time-reversal signals are retransmitted from each TRA element, they converge to a focus and a signal almost the same as the original signal is received.
Simulations
Communication simulations are carried out under the conditions shown in Fig. 3 . The water depth is 100 m, the number of transducers of the TRA is seven and the interval between the transducers is 15 m. The distance between the original source (focus) and the TRA is varied to 5, 10 and 15 km.
In the simulation method for calculating acoustic propagation, Pekeris solution [9] is used when the sound velocity profile is presumed to be sound velocity profile (SVP) 5 in Fig. 3 , and a parabolic equation (PE) method [10] is used when the SVP is one of the other profiles shown in Fig. 3 .
The carrier frequency is 500 Hz and the bandwidth of the projector is presumed to be 100 Hz. That is, the symbol rate is 100 symbols/s. As the modulation method, 16QAM is used, whose constellation map is shown in Fig. 4 .
To assure the effect of time reversal, the following four simulation cases are executed.
Case A: The received signal is not processed (raw signal). Case B: The received signal is processed with an adaptive filter (conventional method). Case C: Time-reversal signals are transmitted and the received signal is not processed (only time reversal). Case D: Time-reversal signals are transmitted and the received signal is processed with an adaptive filter (time reversal þ adaptive filter). In Cases A and B, the transmitted signal, not time-reversal signal, is conventionally used in digital communication [11] , which is the product of the base-band signal after passing through the roll-off filter and the carrier signal. This signal is transmitted simultaneously from each array element. In Case B, the received signal is processed with an adaptive filter; thus, this case is regarded as a conventional method. The adaptive filter is a digital filter whose tap moduli are adjusted in real time to remove multipath waves. When the adaptive filter is used, it is necessary to send a training signal before sending the data signal. The tap moduli are determined to equalize the output signal from the adaptive filter to the training signal with an algorithm such as the least mean square. Then, multipath waves are removed by the adaptive filter. This effect is in contrast to that of time reversal utilizing multipath waves.
In Cases C and D, transmitted signals are generated using time reversal as previously mentioned. In Case C, the received signal is not processed any more, that is, only the effect of time reversal is used. In this study, the method of Case D, in which the received signal is processed further with an adaptive filter, is used; that is, the combination of the adaptive filter and time reversal. In all cases, the maximum transmitted signal levels are equal.
Note that the adaptive filter reacts with various channel characteristics, such as fluctuation due to the Doppler effect or surface waves. In contrast, time reversal does not exhibit such a reaction because the environment is assumed to be constant between the ''receiving process'' and the ''retransmitting process'' as designated in Fig. 1 . Thus, it is expected that the method of Case D proposed in this study can overcome such a problem. This issue will be researched in the future.
Simulation results are shown in Figs. 5 to 8. In these graphs, 500 demodulated symbols, after the training of the adaptive filter, are plotted on the constellation map. If the plotted symbols are gathered around the correct value, the communication accuracy is high. ''Bit Error'' indicates the number of bit errors during the demodulation of these 500 symbols. ''Output SNR'' represents how close to the correct value the demodulated symbols are as defined in [11] . Figure 5 shows the results obtained when the sound velocity profile is SVP5 and the range is 15 km. As shown in this figure, the results of Cases B and C are unsatisfactory, that is, it is impossible to ensure the formation of a communication channel only by the effect of the adaptive filter or time reversal. In the meantime, in Case D, perfect demodulation is achieved. The reason for this is supposed to be that multipath waves are utilized by time reversal as far as possible and the signals like ''noise'' which do not converge are removed by the adaptive filter. Thus, it is revealed that combining the effect of time reversal and the processing of the Simulations, in which ambient noise is added, are also performed. In these simulations, in Case D, random noise is added to the signals received at the TRA so as to achieve an average signal-to-noise ratio (SNR) of 14 dB. Another random noise of the same level is also added to the signals at the focus in Case D and the signals in Case B. Figure 6 shows the results obtained when the sound velocity profile is SVP5 and the range is 15 km. Comparing with Fig. 5 , no significant difference is observed. Thus, it is clarified that the method of Case D proposed in this study is effective even if such noise exists.
Finally, simulations are carried out when the sound velocity profile and the focus depth are changed. The results obtained when the profile is SVP2 and the focus depth is 50 m, and when the profile is SVP4 and the focus depth is 25 m, are shown in Figs. 7 and 8, respectively. These results illustrate that the method of Case D is superior to other methods independently of the sound velocity or the focus depth.
Conclusions
The basic research on time-reversal communication is conducted. It is concluded that there is a possibility of communicating at long distances at a high data transmission speed by the method proposed in this study, which is the combination of time reversal and an adaptive filter. Hereafter, a study for practical use, tank experiments and sea trials will be carried out. 
